Abstract -Populations of Drosophila subobscura from the urban area of Belgrade and from the locality, Deliblato, which is not under strong anthropogenic influence, were studied with the aim to characterize and compare their genetic structure by examining chromosomal inversion polymorphism. Additional analysis and comparison of this type of polymorphism with several other populations from different habitats in the central Balkans, was done. The obtained results indicate higher heterozygosity in the population from Belgrade. Despite being ecologically marginal and under strong and complex influences, this population did not show a decline in the number of inversions and it is not highly differentiated compared to the referent populations.
INTRODUCTION
Urban areas are man-made ecosystems with extreme life conditions, due to the varying climate, poor availability of native trophic resources and the presence of new competitors. Another ecological consequence of urban expansion is pollution, which significantly alters the environment by impairing the quality of air, soil, water and natural resources (Marcus and Detwyler, 1972; Rebele, 1994) . On the other hand, urban environments could potentially offer new substrates to be exploited as well as new evolutionary opportunities. Despite being conspicuous and influential features of the biosphere, urban ecosystems have been neglected in ecological research (McIntyre et al., 2001 ). There are relatively few general studies on arthropods in urban environments (McIntyre, 2000) . The species of the family Drosophilidae are excellent biological models for studies of the response of organisms to urbanization because they are abundant in both urban and non-urban settings and there is plenty biological information on these species (Parsons, 1991; Powell, 1997; Avondet et al., 2003) . In certain Drosophila species, chromosomal inversion polymorphism is higher in urban populations than rural populations. It has been suggested that the high degree of urbanization leads to the increase of ecological niches and consequently to higher chromosomal variability (Singh, 1994; Valiati and Valente, 1997) . Valente et al. (1993; showed that changes in D. willistoni distribution reflect a response of chromosomal inversion frequency to ecological parameters along an urbanization gradient in the city of Porto Alegre (Brazil).
Drosophila subobscura is a typical Palearctic species found throughout Europe, in the Middle East, northern Africa, and it has recently colonized the New World. In this species, a very rich inversion polymorphism has been observed at all five acrocentric chromosomes of the set. More than 60 different inversions forming more than 90 different chromosomal gene arrangements have been described (for a review see Krimbas, 1992; 1993) . Many of the chromosomal gene arrangements exhibit an inter-population variability correlated with latitude (Prevosti, 1966; Prevosti et al., 1984 Prevosti et al., , 1988 Balanya et al., 2003) , but some of them are rare and/or restricted to limited areas. The standard arrangements are more frequent in northern populations and are followed by a gradual decrease in frequency towards the south. However, single or complex inversion arrangements show the opposite trend (Sole et al., 2002) . Although historical processes cannot be ruled out, selection by climatic variables seems to have shaped the overall pattern of geographic frequency distribution of the various gene arrangements (Menozzi and Krimbas, 1992) . It is generally accepted that the latitudinal clines of chromosomal polymorphism are due to environmental factors among which temperature probably has the most important role (Santos et al. 2005) . Shortly after the colonization of North and South America by D. subobscura, chromosome inversions evolved latitudinal frequency clines in the same direction as in Europe (Ayala et al., 1989) , which suggests that the inversion polymorphism of D. subobscura is adaptive (Prevosti et al., 1988) .
Taking into account that this type of polymorphism is clearly responding to various environmental conditions, it could be a suitable parameter for the detection of population differentiation due to adaptation to distinctive environmental conditions.
The main objective of the present study was to examine the structure of inversion polymorphism of two D. subobscura populations. One is from the Botanical Garden in Belgrade, a locality that represents the urban environment and which is under strong and complex anthropogenic influence, and the other population is from Deliblato, a locality relatively distant from any urban environment and considered to be unpolluted (Kadović and Knežević, 2002) . It is known that D. suboscura populations inhabit places disturbed by man (Goni et al., 1998) , but this kind of environment is regarded as unpredictable and populations in urban environments are considered as ecologically marginal. We compared inversion polymorphism parameters obtained for these two populations with the ones expected from their geographical position within species distribution.
MATERIAL AND METHODS
Drosophila subobscura flies were collected using fermented fruit traps from Botanical Garden in Belgrade (44˚49' N; 20˚28' E) and Deliblato (N 44° 49'; 21°07' E).
Analysis of inversion polymorphism was carried out with males caught from each population. The males were individually crossed with virgin females from the Küsnacht laboratory line, which is homozygous for standard gene arrangement at all chromosomes. The salivary glands from third-instar larvae were squashed and their chromosomes stained with aceto-orcein solution. Eight larvae were analyzed from the progeny of each cross. Gene arrangements were identified using the chromosome map of Kunzhe-Mühl and Müller (1958) , the gene arrangement designation of Kunzhe-Mühl and Sperlich (1955) . Thirty one male (62 autosomes and 31 sex chromosomes) from the Belgrade population and 33 males (66 autosomes and 33 sex chromosomes) from the Deliblato population, were analyzed. Z-statistics (Zar, 1999) was used to assess the differences between the frequencies of gene arrangements individually in the two studied populations. The G-test (Sokal and Rohlf, 1980) was performed to determine the heterogeneity of gene arrangement frequencies between the populations studied at all five chromosomes separately and for all chromosomes in total.
Sequential Bonfferoni correction was applied to adjust for multiple pairwise comparisons (Rice, 1989) .
The inversion polymorphism parameters, index of free recombination (IFR) and index of heterozygosity (HZ), were derived from the arrangement frequencies according to the description of Krimbas (1993) .
RESULTS
In the D. subobscura population from Deliblato, 14 different chromosomal arrangements of the five chromosomes of the set were registered, formed by 13 inversions. In the Belgrade population, 15 inversions were registered forming 16 different chromosomal arrangements. Table 1 shows the frequencies of chromosomal gene arrangements in both populations. Gene arrangement A 2 is present in the Belgrade population in low frequency but it is not registered in the Deliblato population. There is a considerable difference between the J st and J 1 frequencies when these two populations were compared. E st gene arrangement is higher in frequency in the population from Belgrade, while E 8 is more frequent in Deliblato. The complex gene arrangement E 1+2+9+12 was found in the Belgrade population but not in that of Deliblato. O st and O 3+4 gene arrangements have higher frequency in the Belgrade population. The complex gene arrangement O 3+4+2 is present in both populations with low frequency, but somewhat more frequent in Deliblato.
Comparison of gene arrangement frequencies between the samples from Deliblato and Belgrade, by using z-test, shows significant differences only for Jst (z = 3.015; p < 0.05) and J1 (z = -3.015; p < 0.05).
The G-test reveals significant differences in the distribution of gene arrangements only for the chromosome J (G = 4.57; p < 0.05) between these two populations.
The index of free recombination (IFR) and index of heterozygosity (HZ) computed for the Deliblato and Belgrade populations are also given in Table 1 . The IFR values are generally higher than expected for the region. The population from Belgrade has a lower IFR value (81.83) compared to Deliblato (85.11), and to other populations from the region. Also, the value of heterozygosity (percentage of heterokaryotypes) is higher in the population from Belgrade (0.589) than in population from Deliblato (0.484).
DISCUSSION
In this study, the obtained results show that populations of Drosophila subobscura from ecologically and topologically distinct habitats possess a certain degree of genetic differences, probably due to their different evolutionary histories. In general, the pattern of inversion polymorphism of these analyzed D. subobscura populations is consistent with the hitherto observed inversion polymorphism for the area of the south-east margin of the Central European area of the species (Krimbas, 1993) . Frequencies of gene arrangements of the chromosome A in populations from Deliblato and Belgrade are coherent with frequencies expected for the Balkan region. For chromosome J there is a discrepancy, with the standard arrangement showing a lower frequency in Deliblato, while J 1 shows frequencies higher than expected, both of which imply a more southern pattern. The U st in both populations has a lower frequency than expected for this region (more southern characteristic). The frequencies of the arrangement of U 1+2 are much higher than expected from the geographical position of localities of Deliblato and Belgrade. The complex arrangement U 1+2+6 , which is more frequent in the Balkans than in other parts of Europe, has a frequency more similar to northern populations (values lower than expected), in both analyzed populations. The arrangement of E 8 shows a significantly higher frequency than expected (more of a south-eastern type), in both populations. The O st arrangement in the population from Belgrade has a slightly higher frequency than expected (more northern in type). Both populations have frequencies of O 3+4+2 considerably lower than expected for the Balkan region.
Genetic distances based on the differences in the frequency of chromosomal gene arrangements, calculated according to Prevosti (1975) , are given in Table 2 . They were calculated to quantify the difference in the inversion polymorphism between the populations from Belgrade and Deliblato, and to Table 2 . Genetic distances (according to Prevosti, 1975) (Živanović et al., 2003; 2007) , Petnica (Anđelković et al.,1998) , Goč (Anđelković et al., 2003; Savković et al., 2004; Stamenković-Radak et al., 2008) and Jastrebac (Živanović et al., 1995) . The map of all the localities is shown in Fig. 1 . Only populations analyzed in a relatively close time period were included for comparison, in order to avoid possible differences in chromosomal inversion polymorphism influenced by long temporal distance. The smallest distances are associated with chromosomes A and J, and the largest with U, E and O, which means that the latter contribute most to the observed distances among the compared populations. Regarding all chromosomes compared to the other populations, the most differentiated are those from Jastrebac (Živanović et al., 1995) and Goč (Anđelković et al., 2003) , while between these two populations the distances are small. The populations from Apatin and Zanjic (Živanović et al., 2002) are the next most differentiated when compared with the populations of Jastrebac and Goč, respectively. The smallest distance is between Belgrade and Deliblato.
The differences in chromosomal inversion polymorphism among the ten populations are not randomly distributed. A G-test for pairwise comparisons between the populations of the central Balkans showed significant differences (Table 3) in the distribution of the chromosomal arrangement frequencies for the chromosomes J, U, E and O and for all chromosomes in total. The gene arrangements on the chromosome A are homogenously distributed among all populations and are therefore not presented. Although the area from which populations were sampled doesn't cover a wide spatial range, considerable differentiation between the populations is evident. This implies that the pattern of inversion polymorphism of this area is shaped by several ecological factors.
The variety of the chromosomal inversion polymorphism of the D. subobscura populations analyzed here links them to the region of Central and Southern Europe. The Pannonian population of Apatin (Živanović et al., 2002) is the closest to the pattern of inversion polymorphism for Central Europe due to the presence of standard gene arrangements in high frequencies and the arrangements of E 1+2+9 and O 3+4+1 in low frequencies, which is characteristic for the Balkans.
The general pattern of inversion polymorphism in populations from Central Balkan is more southern (Krimbas, 1993) . This can be explained by the fact that chromosomal inversion polymorphism has a tendency to change to a more southern type with time. These changes could be due to climatic factors and track global climate warming and they have been observed for several D. subobscura populations in Europe and in both the Americas (Orengo & Prevosti, 1996; Sole et al., 2002; Balanya et al., 2003 Balanya et al., , 2006 Balanya et al., , 2009 .
Latitudinal clines that are generally present throughout the distribution of the species were also observed in the studied area. The frequencies of most arrangements change gradually from north to south. The correlation coefficients between the gene arrangement frequencies and geographic latitude of the populations from Belgrade, Deliblato and several other populations from the central Balkans studied so far, are given in Table 4 . The standard gene arrangements of all chromosomes and arrangement E 8 show a positive latitudinal correlation while all the other arrangements show the opposite. Obviously, the range of latitude (45˚40'N -42˚24'N) in the area studied is not large enough to produce significant correlations. Significant deviation from zero is found only for the gene arrangements U 1+2+3 and O 3+4+8 . Nevertheless, the standard arrangements of other chromosomes also show a positive correlation with latitude, and thirteen out of fourteen non-standard arrangements show a negative correlation with latitude. That is in accordance with the latitudinal variation of the chromosomal inversion polymorphism of D. subobscura observed throughout Europe (Krimbas, 1993) and in the colonizing populations from America (Prevosti et al., 1990) . It is evident that some ecological factor associated Although the standing geographic patterns of distribution of inversion polymorphism could only mirror historical processes, the formation of N-S clines is better attributed to the action of selective forces. Resistance to the cold, or any other factor related to temperature or latitude, more than differential migration ability, would be a likely candidate (Menozzi and Krimbas, 1992; Santos et al. 2005 ).
The population from the Botanical Garden, situated in a central urban zone of Belgrade, is not highly differentiated if compared to the other populations, especially geographically close ones like that from Deliblato, although it is under strong anthropogenic influence and inhabits a highly polluted environment. The only distinction of this population is the lowest IFR value when compared to all the other populations analyzed in region of the central Balkans. If low IFR values correspond to the high values of mean heterozygosity (Prevosti et al., 1984) then the polymorphism (heterozygosity) is highest in the urban population from Belgrade. This population also has a higher percent of heterokaryotypes when compared to Deliblato, so the heterozygosity is higher at a chromosomal level, as well. Da Cunha and Dobzhansky (1954) and da Cunha et al. (1959) showed a positive correlation between environmental complexity and inversion heterozygosity. Urban areas are considered as environments that are unpredictable and prone to sudden fluctuations of ecological factors. Also, the greatest variety of microhabitats is characteristic for this type of environment. Considering all of this, a higher degree of heterozygosity is expected in populations that inhabit urban environments compared to populations from other habitats, though it doesn't have to be reflected in heterozygosity at the chromosomal level. According to several authors, marginal Drosophila populations are generally characterized by a lower chromosomal polymorphism if compared to central populations (Townsend, 1952; Dobzhansky, 1957; Da Cunha et al., 1959; Carson, 1955 Carson, , 1956 Carson, , 1959 Prevosti, 1964; Sperlich, 1971) . A hypothesis proposed by Fontdevila (1992) tries to explain the high degree of chromosomal polymorphism in marginal populations of Drosophila, and according to it, marginal populations are more subject to genomic stress capable of promoting the mobilization of transposable elements, recognized by their ability to yield chromosome rearrangements. Although the population from Botanical Garden is regarded as extremely marginal and with the ecological characteristics specific for the urban environment, it has a considerable number of chromosomal variants, but The observed differences between the populations can be interpreted as a consequence of selection interacting with historical factors related to geographical conditions. All these factors determine the degree of genetic isolation among populations. However, any consistent difference among Drosophila populations is observed only over longer distances. The strong dispersal capacity of the fruit flies is the reason for such long-distance variations (David and Capy, 1988; Serra et al., 1987; Pascual et al., 2000) . It can be concluded that the population of D. subobscura from the Botanical Gardens does not represents a marginal population of this species, and that the selective pressure that arises from environmental deterioration caused by human activity and urbanization is not so strong, or is at least tolerable for the species and this specific population.
